ABSTRACT. DNA was recovered from teeth of 2 great ape skeletons, Pan troglodytes (Ptr) and Pongo pygmaeus (Ppy), belonging to a 19th-century zoological collection. The skeletons presented morphological alterations possibly associated with β-thalassemia: Ptr had deformation of the calvaria and oro-maxillo-facial bones with porotic hyperostosis and extended osteoporotic lesions of the skeleton, while Ppy showed a general marked widening of the calvarial diploe but moderate osteoporotic signs on the post-cranial skeleton. We screened Ptr and Ppy for mutations in the β-globin gene (exons 1, 2, and 3) because we suspected thalassemia. Ptr β-globin sequences showed the highest degree of similarity with the human ones (99.8%), while those of Ppy were slightly different (98.2%). The results were consistent with the phylogenetic relationships between their β-globin gene sequences. We did not find any mutation in the β-globin gene of Ptr and Ppy; therefore, we conclude that, in spite of skeletal alterations, the 2 subjects analyzed were not affected by β-thalassemia.
INTRODUCTION
The analysis of ancient DNA sequences contributed in the last 20 years to successful clarification of phylogenetic and phylogeographic questions, providing a powerful tool for genetic population studies and allowing the analysis of the extinct species genome (Roy et al., 1994; Willerslev and Cooper, 2005; Rascol et al., 2007; Miller et al., 2008) . The specimens conserved in museums represent an advantageous source for sampling of biological material from different species otherwise difficult to be recovered in nature or necessitating a lot of time-consuming fieldwork. Furthermore, when studying extinct species or analyzing populations that changed their structure over the time, museum specimens are unique biological sample sources (Roy et al., 1994) .
Several methods for DNA extraction from bones and teeth have been published in the last few years (Rohland and Hofreiter, 2007a,b) . Most of the methods are destructive of parts of bones or teeth; however, some non-destructive methods have been reported (Rohland et al., 2004; Rohland and Hofreiter, 2007b) . Since the damage of museum specimens represents the "price" paid for getting biological material, most of the museums, in order to protect their collections, have restricted the permissions to use their specimens.
Another problem that characterizes archival/ancient DNA studies is the small amount of DNA that can be recovered due to preservation and degradation processes. Consequently, DNA availability and quality are the most important issues of ancient DNA studies. The most frequently used technology for ancient DNA analysis is polymerase chain reaction (PCR), even if alternative approaches such as ligation into bacterial vectors or addition of oligonucleotides for direct sequencing have been reported (Rohland and Hofreiter, 2007b) . PCR amplification is a crucial issue since DNA extracted from archival materials such as bones and teeth may contain PCR inhibitors, which may interfere with the amplification, or "exogenous DNAs" co-purified with ancient DNA. In addition, the preservation of cell structures is very limited and DNA can be damaged or present chemical modifications. Thus, aggressive methods for DNA extraction should be avoided since they could diminish the overall DNA yield by causing additional damage to the DNA molecule.
In our study, we extracted DNA from the teeth of 2 great apes [Pan troglodytes (Ptr) and Pongo pygmaeus (Ppy)] obtained from museum collections where they have been preserved since 1800. We amplified and sequenced the coding region of the Ptr and Ppy β-globin gene with the aim of detecting mutations associated with β-thalassemia.
Both skeletons presented morphological alterations that lead us to hypothesize the presence of β-thalassemia: Ptr had widespread osteoporotic lesions of the skeleton with porotic hyperostosis, deformation of the calvaria and oro-maxillo-facial bones, and the "hair-on-end" phenomenon, while Ppy showed remarkable marrow hyperplasia of the skull and moderate osteoporotic signs on the post-cranial skeleton. Such osteopathologies have been well described in humans as suggestive of genetic anemias, likely thalassemia (Moseley, 1974; Stuart-Macadam, 1987; Hes et al., 1990; De Mattia et al., 1996; Hollar, 2001; Lagia et al., 2007) , but to our knowledge, these cases have never been recorded in non-human primates, with the sole exceptions of Schultz (1956) , Nathan and Haas (1966), and DeGusta (2010) . While the allelic variants of the β-globin gene associated with thalassemia are very well known in different human ethnic groups (http://omim.org/ entry/141900), no mutations have been reported for the closely related great apes.
MATERIAL AND METHODS
The skeletons of Ptr and Ppy belong to the 19th-century zoological collection that the University of Turin has entrusted, with a special agreement, to the "Museo Regionale di Scienze Naturali" of Turin. They are currently kept for scientific purposes at the Department of Human and Animal Biology of the same university.
Unfortunately, no documented history matches the skeletons (e.g., cause of death, age at death, gender, and provenience). This information could have aided in understanding the pathogenesis of these abnormalities; in particular, data on the age at death are important in the evaluation of osseous alterations, since in thalassemia, the pattern of the bone involvement may change with advancing age. Especially in the case of isolated skeletons, some authors claim that age should be considered before any assessment of the skeletal pathologies (Moseley 1965 (Moseley , 1974 Lagia et al., 2007) .
Considering the timing of tooth eruption in primates and according to the definition of dental development age classes, we assigned Ptr to the SUBADULT group, with an estimated chronological age ranging from 10.71 to 11.33 years and Ppy to the JUVENILE class, with an estimated age varying from 6.00 to 8.00 years (Smith, 1989; Smith et al., 1994; Swindler, 2002; Zihlman et al., 2007) .
Two teeth, one 1st molar (M 1 ) and one 2nd molar (M 2 ), were pulled from the skeletons of Ptr and Ppy, respectively, and sent to the IRCCS Burlo Garofolo of Trieste for DNA extraction.
For this purpose, the edges of the dental roots of Ptr and Ppy were cut using a gear cutter; then, dental pulp was recovered using a sterile scalpel. DNA extraction was performed with the EZ1 DNA Tissue Kit (Qiagen, Valencia, CA, USA) and the EZ1 Advanced robotic workstation for automated purification of nucleic acids (Qiagen).
Genomic DNA of 10 healthy Ppy individuals from the Kuala Lumpur (Malaysia) zoo was extracted from hair roots following the protocol of Walsh et al. (1991) .
The quantity and quality of genomic DNA samples were evaluated by gel electrophoresis and Nanodrop (Thermo 2000, Wilmington, DE, USA) reading.
β-globin gene mutations were analyzed by amplification using PCR and direct sequencing. Exons 1, 2, and 3 were amplified using 10 pM of the following primers designed on the basis of the human β-globin gene sequence: first exon, forward primer: 5ꞌ-GCATAAAAGTCAGGGCAGAGC-3ꞌ; first exon, reverse primer: 5ꞌ-CCTGTCTTGTAACC TTGATACCAAC-3ꞌ; 2nd exon, forward primer: 5ꞌ-CACTGACTCTCTCTGCCTATTG-3ꞌ; 2nd exon, reverse primer: 5ꞌ-CATAGAAAAGAAGGGGAAAGAAAACATC-3ꞌ; 3rd exon, forward primer: 5ꞌ-CATACCTCTTGTCTTCCTCCCA-3ꞌ; 3rd exon, reverse primer: 5ꞌ-GGAACCTTTAATAGAAATTGGACAGC-3ꞌ.
PCRs were carried out in a 25-μL reaction with 0.5 U Taq Gold (Applied Biosystems, Foster City, CA, USA), 50 μM dNTPs, and 2 mM MgCl 2 . The amplification conditions were 30 s at 95°C, 45 s at 55°C, and 30 s at 72°C for 45 cycles for exon 1, 30 s at 95°C, 45 s at 55°C, and 30 s at 72°C for 45 cycles for exon 2, and 30 s at 95°C, 45 s at 54°C, and 30 s at 72°C for 45 cycles for exon 3. PCR products were observed, under UV light, on a 2% agarose gel, stained with ethidium bromide.
DNA sequencing was performed with the Big Dye Terminator 3.1 kit (Applied Biosystems) and sequences were run on the ABI 3130 (Applied Biosystems) automatic sequencer.
β-globin sequences of Ptr, Ppy, and humans were analyzed with the "4Peaks" software (http://mekentosj.com/science/4peaks/). The CLUSTALW (Galtier et al., 1996) software allowed sequence alignment and the maximum-likelihood tree was obtained with the Mega version 5 software (http://www.megasoftware.net/).
RESULTS AND DISCUSSION
In humans, skeletal abnormalities associated with β-thalassemia include enlarged cranial and facial bones because red bone marrow over-activity determines, on the skull, the widening of the diploid space, thinning, or virtual disappearance of the outer table. Moreover, some other characteristics are: new bone formation perpendicularly to the inner table ("hairon-end" appearance), and, with regard to the inhibition of maxillary sinus pneumatization with excessive growth of the facial bones, malocclusion of the jaws, and displacement of teeth (the so-called rodent facies).
The post-cranial skeleton can show diffuse osteopenia for a generalized decrease in bone mineral density, localized areas of coarse trabeculation, widening of medullary spaces, microarchitectural deterioration, spontaneous fractures, and spinal deformities, etc. The severity of post-cranial skeletal involvement depends on the gravity of the disease and the survival of the individual to it (Moseley, 1965 (Moseley, , 1974 Hershkovitz et al., 1997; Domrongkitchaiporn et al., 2003; Lagia et al., 2007) .
In the Ptr and Ppy skeletons analyzed in our study and shown in Figure 1 , some bone features were compatible with β-thalassemia. Both skeletons showed clinical signs of β-thalassemia; however, they were more pronounced in Ptr, that showed more remarkable clinical signs that were also present in Ppy.
On the skull of Ptr, extensive sieve-like porosity involved the greatest part of the components: frontal bone, the entire area of the parietals, the occipital squama, and the zygomatic processes of the temporal bones; the maxillary and mandibular bones mainly on the alveolar bone level with thinning of the cortex and trabecular coarsening. Osteoporotic spread was restricted to the outer table, while the inner surface was intact. No signs of cribra orbitalia were found.
In addition, a considerable widening of the diploid space of the calvaria bones was noted in the torus orbitalis and the lateral portion of the parietal bones with vault expansion. The sagittal and nuchal crests were remarkably developed, and at this level, radial striation of bone spicules extending through the entire width of the crests was clearly visible to the naked eye. Despite the young age at death of the individual, nearly all ecto-cranial sutures of the vault were completely obliterated, whereas all palatal, facial, and cranial-facial sutures were open, including the spheno-occipital sutures (Chopra, 1957; Winkler, 1996; Cray et al., 2008) .
The facial bones were swollen, whereas the nasal bones were depressed; the upper canines were displaced forward with maxillary overbite. The mandible was less enlarged than the maxilla, likely due to its dense cortical plates and the reduced spongy bone.
On the whole, the post-cranial skeleton was damaged with generalized severe osteoporotic pitting, especially on the level of the osseous remodeling zones. The changes of the spine extended from the cervical area to the sacrum, with loss of bone density and accentuation and coarsening of the trabeculation of the bodies, neural arches, and spinous processes. The pathological features that we recorded in the Ppy skeleton were less severe. The most serious anomalies were confined to the skull and consisted of remarkable marrow hyperplasia of the calvarial diploe, with larger overall size of the skull. Localized osteoporotic pitting of the outer compact layer of the bone involved the torus orbitalis, torus occipitalis, the alveolar bones and, to a milder degree, the temporal bones. The post-cranial skeleton showed osteoporotic signs that were mostly located at the proximal and distal ends of the long and short tubular bones.
Given the morphological clinical features suggesting the possible diagnosis of β-thalassemia, we performed a molecular analysis searching for mutations in the β-globin gene associated with the pathology of β-thalassemia.
We extracted DNA from teeth of Ptr and Ppy skeletons, conserved in a museum since 1800. We used a partially destructive technique in order to recover dental pulp from the apical root edges of the teeth, which were previously cut with a gear cutter. The lower part of the root, after being cut, was conserved and, after dental pulp recovery, the morphology of the apical root was reconstructed using dental cement.
Around 50 μL 20 ng/µL genomic DNA solution was recovered from Ptr and Ppy teeth. In spite of being degraded and damaged, as expected for ancient DNA, the quality of the extracted DNA was good enough to search for mutations in the β-globin gene. We then amplified the 3 exons of the Ptr, Ppy, and human β-globin gene. Figure 2 shows the results of the PCR amplification of exon 1 of the human, Ptr, and Ppy β-globin gene. No non-specific amplicon was detected. Ptr and human sequences showed the highest degree of similarity (99.8%), while the Ppy sequence was slightly different (98.2%). The Ppy and Ptr nucleotide sequences obtained in our study (indicated by an asterisk in Figure 3) were respectively identical to the Ppy and Ptr sequences reported in the Ensembl database, except for a G>T substitution (silent mutation, both codons encoding for Ala) at nucleotide 33, which was present in the Ensembl Ppy sequence but not in our Ppy samples. The amino acid sequences were then deducted from the nucleotide ones and their alignment is shown in Figure 4 . The Ppy β-globin sequence did not present significant differences when compared to that of the 10 healthy Ppy individuals from the Kuala Lumpur zoo (data not shown).
Finally, we constructed a phylogenetic tree through the maximum-likelihood method, using the β-globin nucleotide sequence of Gallus gallus as outgroup and the human, Ptr, and Ppy β-globin gene sequences; the phylogenetic tree is shown in Figure 5 . . Maximum likelihood phylogenetic tree for great apes ß-globin nucleotide sequences. Ppy = Pongo pygmaues (ENSPPYT00000004275); Ptr = P. troglodytes (ENSPTRT00000006177); Ppy* = P. pygmaues of the present study; Ptr* = P. troglodytes of the present study; Hss = Homo sapiens (ENST00000335295). Ggs = Gallus gallus (ENSGALT00000028028) was used as outgroup.
The phylogenetic relationships between human, Ptr, and Ppy β-globin gene sequences were consistent with the phylogenetic tree of the great apes.
Two great apes, Ptr and Ppy, have been selected for this study since they presented skeletal pathologies that could be potentially associated with β-thalassemia. While Ppy only presented skull features of marked expansion of the diploic space, the entire skeleton of Ptr was affected by porotic hyperostosis, in addition to extreme bony lesions. We successfully extracted DNA from the teeth pulp of the 2 specimens and were able to reconstruct the teeth with limited morphological damage, thereby reducing the "price" to be paid for processing museum samples. Finally, our β-globin gene molecular study has demonstrated that the 2 apes, in spite of showing some features possibly associated with β-thalassemia, did not present the molecular defects typically associated with the disease in humans.
